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Abstract
We report measurements of the cross section and a complete set of polarization observables for the 28Si( p, n) 28P(6−) reaction at a bombarding
energy of 198 MeV. The data are compared with distorted wave impulse approximation calculations employing response functions normalized
to inelastic electron scattering. The spin-longitudinal polarized cross section IDq is slightly over-predicted by the calculations, while the normal
spin-transverse polarized cross section IDn is significantly under-predicted. The calculated in-plane spin-transverse IDp and spin-scalar ID0
polarized cross sections agree well with the experimental data. These results are consistent with those for 28Si( p, p′) 28Si(6−, T = 1) scattering
at the same energy, and thus it is concluded that isospin-mixing effects are not responsible for the discrepancy between theory and experiment in
the ( p, p′) case. Energy half-off-shell effects as medium effects on the effective nucleon–nucleon interaction are also investigated and found to
be too small to be responsible for the discrepancy.
© 2007 Elsevier B.V.
PACS: 24.50.+g; 24.70.+s; 25.40.Kv
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Nuclear medium effects on the effective nucleon–nucleon
(NN ) interaction in nuclei are of considerable interest in nu-
clear physics. The effective NN interaction can be substan-
tially altered from the NN interaction in free space because the
nuclear field can modify the properties of mesons exchanged
between nucleons. The reduction of hadron mass and coupling
constant with nuclear density has been discussed by many au-
thors [1–3] as a signature of partial restoration of chiral sym-
metry in nuclear matter. Horowitz and Iqbal [4] have also stud-
ied modification of the nucleon spinor in nuclear matter in
the framework of a Dirac approach. Clear evidence for these
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medium effects is the systematic reduction of the analyzing
power for the exclusive ( p,2p) reactions as a function of av-
eraged nuclear density [5]. This reduction can be explained in
part as being due to the reduction of nucleon mass in the strong
scalar part of the relativistic nuclear potential [6]. Other factors
in the reduction can be resolved by considering modifications
of meson mass and coupling constant in nuclei [7].
Polarization transfer measurements of nucleon inelastic scat-
tering and nucleon charge-exchange reactions provide a way
to investigate the effective NN interaction in nuclei [8,9].
If the transition form factor is known, comparisons between
experimental data and distorted-wave impulse approximation
(DWIA) calculations enable us to assess the absolute size of
NN amplitudes in nuclei. Stephenson et al. [10] have reported
comparisons between experimental and theoretical results for
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28Si( p, p′) 28Si(6−, T = 1) at Tp = 198 MeV, where the tran-
sition form factor is adjusted to reproduce the transverse elec-
tron scattering data [11]. For the spin-dependent interaction
in nuclei, Stephenson et al. claim that the spin-longitudinal
component is reduced by a factor of two whereas the nor-
mal spin-transverse component is significantly enhanced. These
modifications can be accounted for in part by using a reduced
medium-modified ρ-meson mass in nuclei. If the NN ampli-
tude is modified in nuclei, the interpretations of some exper-
imental data including quasielastic ( p, n) reactions [12–14]
would need to be revised. However, isospin-mixing effects
can also explain the modifications in part [15,16]. Thus it is
very important to determine whether the observed differences
are due to medium modifications of NN amplitudes in nu-
clei.
In this Letter, we present measurements of the cross section
and a complete set of polarization observables for the excita-
tion of the 6−, T = 1 state at Ex = 4.94 MeV in 28P using the
( p, n) reaction at Tp = 198 MeV. We compare a pure isovec-
tor ( p, n) result with a previous ( p, p′) result [10,16] in or-
der to assess isospin mixing effects on the (p,p′) data. We
also compare our results with DWIA calculations using the
effective NN interaction based on the free NN interaction.
A comparison between experimental and theoretical results re-
veals significant enhancement and possible quenching of the
normal spin-transverse IDn and spin-longitudinal IDq polar-
ized cross sections, respectively. We also compare the data with
DWIA calculations employing the NN interaction based on the
CD-Bonn potential [17] in order to assess energy half-off-shell
effects quantitatively.
The measurements were carried out using the neutron time-
of-flight (NTOF) system [18] and the neutron detector and
polarimeter NPOL3 system [19] at the Research Center for Nu-
clear Physics, Osaka University. The NTOF system consists of
a beam-swinger dipole magnet, a neutron spin-rotation (NSR)
magnet, and a 100-m tunnel. The beam polarization was con-
tinuously monitored using two p + p scattering polarimeters.
The typical magnitude was found to be about 0.65. The beam
energy was determined to be 198 ± 1 MeV from the kine-
matic energy shift between two peaks from 7Li(p,n) 7Be(g.s.)
and 12C(p,n) 12N(g.s.). The beam was incident on a self-
supporting natSi (92.2% 28Si) target in the beam-swinger mag-
net of thickness 123 mg/cm2. Neutrons from the target passed
through the NSR magnet and were measured by the NPOL3
system in the 100-m TOF tunnel with a resolution of about
480 keV FWHM. The neutron detection efficiency of NPOL3
was determined using 7Li(p,n) 7Be(g.s. + 0.43 MeV) at 0◦
whose cross section is known for Tp = 80–795 MeV [20]. The
uncertainty was estimated to be about 6%. The neutron po-
larimetry of NPOL3 was calibrated using 12C( p, n) 12N(g.s.)
at 0◦ to an accuracy of about 6%.
Fig. 1 shows the excitation energy spectrum of 28Si(p,n) 28P
at momentum transfer qc.m. = 1.8 fm−1. The stretched 6− state
at Ex = 4.94 MeV forms a pronounced peak, though it is not
clearly resolved from the neighboring states. Therefore, we per-
formed peak fitting for Ex = 3–6 MeV to extract the yield of
the 6− state. Seven states including the 6− state were consid-
ered in the peak fitting, listed in Table 1. The positions, apart
from that of the peak at Ex = 5.82 MeV, were taken from
Ref. [21]. The peak at Ex = 5.82 MeV might correspond to
Fig. 1. Excitation energy spectrum for 28Si(p,n) 28P at Tp = 198 MeV and qc.m. = 1.8 fm−1. The curves show the reproduction of the spectrum with Gaussian
peaks and a continuum.
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Table 1
28P levels used in the peak fitting to extract the 6− state
Ex (MeV) Jπ
3.164 3+
3.512 1+
4.180
4.630 1+
4.940 6−
5.190
5.820
the peak at Ex = 5.90 MeV in Ref. [21]; however, we used a
value of 5.82 MeV to improve the quality of the peak fitting.
The dashed curves in Fig. 1 represent the fits to the individual
peaks, while the straight dashed line and solid curve represent
the background and the sum of the peak fitting, respectively.
The peak fittings at all momentum transfers were satisfactory
for extracting the 6− yield.
Fig. 2 shows the cross section for 28Si(p,n) 28P(6−) at Tp =
198 MeV. The momentum-transfer dependence was measured
in the range qc.m. = 1.0–2.4 fm−1, covering the maximum at
qc.m.  1.5 fm−1. The data at Tp = 200 MeV [22] are also dis-
played as open circles. Both data are consistent with each other
taking into account the systematic uncertainties.
We performed DWIA calculations using the computer code
DW81 [23], which treats the knock-on exchange amplitude ex-
actly. The one-particle one-hole configuration for 28P(6−) was
assumed to be a pure stretched combination of a 1f7/2 proton–
particle and a 1d−15/2 neutron–hole. The single-particle wave
functions were generated by a Woods–Saxon potential with
r0 = 1.27 fm, a0 = 0.67 fm, and λ = 25.0 [24], the depth of
which was adjusted to reproduce the separation energies of the
1d5/2 orbitals. The unbound single-particle 1f7/2 state was as-
sumed to have a very small binding energy of 0.01 MeV to
simplify the calculations. In the calculations, we used a spec-
troscopic factor of 0.33 [25], which was determined to repro-
duce the transverse electron scattering data of Yen et al. [11].
The NN t-matrix parameterized by Franey and Love [26] at
210 MeV was used. The distorted waves were generated using
the optical model parameter (OMP) used in previous DWIA
analysis for the ( p, p′) data [10]. This OMP reproduces the
proton elastic scattering for 28Si at the same energy. The solid
curve in Fig. 2 denotes the DWIA result. The result underesti-
mates at the small momentum-transfer region and overestimates
at the large momentum-transfer region. Willis et al. [27] claim
that the DWIA result is sensitive to the choice of the OMP.
Therefore, we performed DWIA calculations using four other
OMPs at the same energy [28–31]. The OMP dependence is
shown by the band in Fig. 2. By considering the uncertainties
of both the experimental and theoretical results, we conclude
that there is no significant discrepancy between the experimen-
tal and theoretical results for the cross section.
Fig. 3 shows four polarized cross sections as a function of
momentum transfer. The open circles are the ( p, p′) results of
Stephenson et al. [10,16]. These data are multipled by a fac-
tor of two to take into account the difference of the isospin
Clebsch–Gordan (CG) coefficients for (p,n) and (p,p′). The
Fig. 2. Measured cross section for 28Si(p,n) 28P(6−) at Tp = 198 MeV
(closed circles). The solid curve shows the theoretical prediction using the OMP
in Ref. [10]. The band represents the OMP dependence, as explained in the text.
The open circles are data taken from Ref. [22].
( p, n) and ( p, p′) results are in good agreement with each other
within uncertainties. Thus we can exclude the possibility of
isospin mixing effects [15] which might be responsible for the
discrepancy between experimental and theoretical results ob-
served in the ( p, p′) case.
The solid curves in Fig. 3 denote the DWIA calculations with
the same parameters for the cross section, and the bands repre-
sent the OMP dependence of the calculations. The calculations
are very similar to those for the ( p, p′) case taking into account
the isospin CG coefficients. The results in Fig. 3 show signif-
icant differences between the data and the calculations based
on the free NN t -matrix. The spin-longitudinal IDq is slightly
over-predicted while the normal spin-transverse IDn is signif-
icantly under-predicted. The in-plane spin-transverse IDp is
reasonably well reproduced. The spin-scalar ID0, which is sig-
nificantly smaller than other three polarized cross sections, is
fairly well predicted. These conclusions quantitatively coincide
with those for 28Si( p, p′) 28Si(6−, T = 1) at the same energy
[10,16] and for 28Si( p, n) 28P(6−) at Tp = 295 MeV [32].
The differences observed in Fig. 3 are likely to be due to
medium modifications of the effective NN interaction because
the nuclear responses are constrained by inelastic electron scat-
tering. In a Kerman–MacManus–Thaler (KMT) representation
[33], the over-prediction for IDq indicates reduction of the
spin-longitudinal amplitude E, whereas the under-prediction
for IDn indicates an increase of the normal spin-transverse
amplitude B . These modifications might have implications for
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Fig. 3. Measured polarized cross sections for 28Si(p,n) 28P(6−) at
Tp = 198 MeV (closed circles). The solid curves are DWIA calculations with
the free t -matrix parameterized at 210 MeV. The band represents the OMP de-
pendence of the DWIA calculations. The open circles are (p,p′) results [10,
16], multiplied by a factor of two, as explained in the text.
the interpretation of ( p, n) quasielastic scattering (QES) data
at 494 MeV [12] and at 345 MeV [13,14]. If we take into ac-
count the reduction of E, the enhancement of IDq in QES,
which is relevant to pionic correlations and enhancement in nu-
clei, becomes larger than the prediction using Landau–Migdal
(LM) parameters g′NN = 0.7 and g′NΔ = 0.3 [34]. This dif-
ference can be corrected by using smaller LM parameters,
g′NN  0.6 and g′NΔ  0.2 [35]. For both spin-transverse po-
larized cross sections IDp and IDn, theoretically unexpected
enhancement has been observed in QES. The enhancement
of the normal spin-transverse amplitude B might be responsi-
ble for the enhancement of the corresponding spin-transverse
cross section IDn. However, since no modification of the spin-
transverse amplitude F is observed, the enhancement of the
in-plane spin-transverse IDp cannot be explained by modi-
fications of the NN interaction. We note that the enhance-
ment of IDn in QES is substantially larger than that of IDp .
Since the spin-transverse response is common for both IDn and
IDp , the ratio IDn/IDp is predominantly sensitive to the ratio
B2/F 2. The upper panel of Fig. 4 shows the ratio IDn/IDp for
28Si( p, n) 28P(6−), where both the experimental and theoreti-
cal data are the same as those in Fig. 3. The lower panel shows
the same ratio for 12C( p, n) QES at 345 MeV [14], with the
calculation data taken from Ref. [34]. In both cases, significant
enhancement is observed at q  1.8 fm−1. Thus the enhance-
ment of B seems to be common at large momentum transfers,
Fig. 4. Ratios of IDn/IDp for 28Si( p, n) 28P(6−) at Tp = 198 MeV (upper
panel) and quasielastic 12C( p, n) at Tp = 345 MeV (lower panel). The solid
curves are DWIA calculations with the free NN interaction, as described in the
text.
and this enhancement is responsible in part for the enhancement
of IDn in QES.
Modifications of the effective NN interaction have been dis-
cussed [16,36,37] in connection with nuclear binding, Pauli
blocking, and relativistic mean field effects. Sammarruca et al.
[16] performed calculations including these conventional
medium effects systematically, and they found that the effects
are too small to explain the ( p, p′) results. Another preliminary
attempt to explain the results has been made by Stephenson
et al. [10] in terms of scaling of the ρ-meson mass in nuclei.
They employed density-independent DWIA calculations un-
der the assumption that any effect would correspond to some
average density for the transition. The reduction of the mass
has the effects of reducing the spin-longitudinal amplitude E,
and increasing the spin–orbit amplitude C. Both effects explain
the observed modifications qualitatively; however, the changes
suggested by the data do not correspond to the same reduced
ρ-meson mass for each amplitude. Furthermore, later com-
prehensive density-dependent DWIA calculations [16] show
that the effect is too small to account for the discrepancies.
Since the transition probability to the stretched 6− state peaks
near the nuclear surface with low nuclear density, the effect
of the partial restoration of chiral symmetry including the
ρ-meson mass reduction would be masked due to its den-
sity dependence. Thus, in the following, we discuss another
mechanism, energy half-off-shell effects, which might be re-
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Fig. 5. Energy half-off-shell effects in DWIA calculations. The solid and
dashed curves represent DWIA results with on-shell and half-off-shell
(Q = −20.6 MeV) t -matrices, respectively. The experimental data are the same
as in Fig. 3.
sponsible for the observed difference between experiment and
theory.
Energy half-off-shell effects are expected to be significant in
28Si( p, n) 28P(6−) because the reaction Q value of −20.6 MeV
is large. We investigated these effects on IDi by using the
computer code CRDW [38]. We deduced both energy on-shell
and half-off-shell NN t -matrices from the CD-Bonn potential
[17]. The OMP and single-particle wave functions used were
the same as those used in the previous calculations. The solid
and dashed curves in Fig. 5 show the DWIA results for energy
on-shell and half-off-shell NN t-matrices, respectively. Energy
half-off-shell effects are seen in IDq and IDn, and they partly
explain the discrepancies observed in IDi . However, these ef-
fects are too small to reproduce the experimental data. Here, for
simplicity, the energy difference between initial and final states
in the half-off-shell t -matrix has been chosen to be the same as
the reaction Q value. Therefore further detailed and compre-
hensive theoretical studies without this assumption would be
helpful to explain the discrepancy.
In conclusion, we have made high-resolution measurements
of 28Si( p, n) 28P, which have enabled us to investigate the ef-
fective NN interaction on the stretched 6− excitation where
the spin-transverse response function is known from inelas-
tic electron scattering. The data are consistent with those for
28Si( p, p′) 28Si(6−, T = 1) at the same energy taking into
account the isospin CG coefficients. Thus we conclude that
isospin-mixing effects are not responsible for the discrep-
ancy between experimental and theoretical results observed for
( p, p′). Small quenching and significant enhancement are ob-
served for spin-longitudinal IDq and normal spin-transverse
IDn polarized cross sections, respectively. The significant en-
hancement in IDn indicates enhancement of the normal spin-
transverse amplitude B in the KMT representation. This en-
hancement is likely to be partly responsible for the enhance-
ment of IDn in QES at similar momentum transfers. We in-
vestigated energy half-off-shell effects by using the CD-Bonn
potential. These effects alter the calculated values of IDq and
IDn to make them closer in value to the experimental data, but
are too small to fully reproduce the experimental data. More
comprehensive and detailed theoretical analyses are needed to
explain medium modifications of the effective NN interaction
inside nuclei.
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